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ta.2013.0Abstract Background: A key objective when ﬁtting hearing aids to children is to maximize the
audibility of high frequency speech cues which are critical in the understanding of spoken language.
Recent advances in digital signal processing have enabled the development of hearing aids which
offer linear frequency transposition as a new way of accessing these important speech sounds.
Transposition of acoustic information from higher to lower frequencies may help people with severe
or profound high frequency hearing loss, especially when a ‘dead region’ is present.
Objective: The current study is designed to investigate the clinical efﬁcacy of frequency transpo-
sition on speech perception in Arabic speaking hearing impaired children.
Methods: Ten children and adolescents with sensorineural hearing loss were evaluated with their
own hearing aids, then ﬁtted with Widex Inteo-19 with master program without frequency transpo-
sition. The study group was reevaluated after 2 months to assess the beneﬁts of the new digital HA,
if any. HAs have been reprogrammed with a frequency transposition mode as a standalone pro-
gram. The performance was compared with that of the former two visits after 3 months of regular
use and auditory training.
Results: Hearing impaired children showed improvement in aided thresholds in the high fre-
quency region. There was a signiﬁcant improvement in the speech perception tests and in speechAhbab Elrasoul St. Elsefarat
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130 I.M.S. El Danasoury et al.production as reﬂected on Voice Onset Time (VOT) of voiced stops and vowel duration. WILSI
(Widex Infant Listening Skill Inventory) reﬂected the same improvement as judged by the parents.
Conclusion: Hearing impaired children’s performance improved with frequency transposition
program as evidenced by speech perception tests, speech production and WILSI questionnaire.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Society of Ear, Nose, Throat and
Allied Sciences.1. Introduction
People with high frequency hearing loss often miss the high
frequency information even when they wear hearing aids
(HA). The loss of audibility of high frequency sounds compro-
mises speech understanding, the appreciation of music and
nature’s sounds in adults. Usually, people complain of hearing,
but not understanding. Such individuals cannot perceive many
of the high frequency voiceless consonants, such as the /t/, /k/,
/f/, /th/, /sh/ &/s/ sounds.1
Severe high frequency hearing loss has more drastic effects
on infants and young children. It is essentially reﬂected as
inability to clearly reproduce high frequency phonemes, mak-
ing their speech relatively unintelligible. High frequency conso-
nants are not only important for speech perception, but also
for grammatical information as signaling pleural, and contrac-
tions. Altered consonant perception has a strong impact on
academic achievement.
Attempts were made for better audibility in high frequency
(HF) region using frequency lowering techniques. The basic
premise of frequency lowering techniques was to shift unaida-
ble high frequency acoustic information into lower aidable fre-
quency regions. Earlier attempts showed improvement of
aided thresholds in HF but with limited improvement in
speech understanding2 or ‘‘unnatural’’ sound perception.3
Frequency transposition shifts only the high frequency
sounds (above the start frequency) regardless of their voicing
characteristics so as not to miss high frequency periodic signals
including music and bird songs. Transposition occurs one oc-
tave above the start frequency to be transposed to a lower octave
thus reducing the amount of masking and avoid the need of
compression. It also preserves the temporal structure of the sig-
nal so it can be easily recognized as the original source signal.2
Auriemmo et al. studied the effectiveness of linear Fre-
quency Transposition (LFT) on phoneme recognition and fric-
ative articulation in school-aged children.4 They showed a
signiﬁcant improvement in consonant and vowel identiﬁcation
for children using the Audibility Extender program compared
to their performance using digital hearing aids and master
program.
Robinson et al. evaluated the use of a transposition algo-
rithm in listeners suspected of having dead regions along the
basilar membrane using consonant identiﬁcation in quiet.
The study showed improvement of the consonant recognition.5
Kuk et al. studied the effect of linear frequency transposition
on consonant identiﬁcation in quiet and noise.6 Their subjects
were eight adults who were examined at three intervals: initial
ﬁt, after one month and two month intervals. A statistically
signiﬁcant difference was reached between the transposition
condition measured at two month post ﬁtting and the initial
ﬁtting for fricatives. Analysis of individual phonemes showed
a decrease in the number of confusions and an increase in
the number of correct identiﬁcations over time.Zaki and Ibrahim7 reported an improvement in the conso-
nant recognition as well as high frequency audibility on using
linear frequency transposition.
Another approach to access the high frequency speech
information is the sound recover technology which uses non-
linear frequency compression (NFC). Basically, it compresses
and shifts inaudible high frequencies into a lower frequency re-
gion. Several studies have evaluated the beneﬁts of NFC in
populations with varying degrees of hearing loss. Glista et al.
tested this algorithm in children and adults with sloping, high
frequency hearing loss.8 These researchers examined speech
sound detection and speech recognition abilities using ‘‘multi-
ple outcome measures’’. Their study revealed a signiﬁcant
improvement of consonant and plural recognition with NFC
enabled. However, they did not observe a signiﬁcant change
in vowel recognition. Simpson et al. and Boretrki and Kegel re-
ported similar ﬁndings.9,10
To the best of authors’ knowledge, the efﬁcacy of LFT on
speech perception and production in Arabic speaking children
was not previously addressed in the available literature. Hence,
this study was designed to investigate the clinical efﬁcacy of
frequency transposition on speech perception in Arabic speak-
ing hearing impaired children.
2. Methods
The present study included 10 children with perilingual severe
to profound sensorineural hearing loss recruited from the reg-
ular attendees of the hearing aid clinic, Audiology Unit, Ain
Shams University, Cairo, Egypt. Parents were encouraged to
be enrolled in this project after explaining the potential beneﬁts
expected from the new technology encountered in the HA.
They accepted the lengthy test procedures and the repeated fol-
low-up visits because they were not satisﬁed with their chil-
dren’s performance. Written consent was taken from parents
to conduct the study.
2.1. All children enrolled in this study fulﬁlled the following
criteria
n Pure tone average threshold not exceeding 80 dBHL at
0.25 kHz and 0.5 kHz and not exceeding 110 dBHL at fre-
quencies 2 kHz and 4 kHz.
n Regular use of suitable binaural digital hearing aids for at
least one year.
n Regular attendance of a rehabilitation program with good
family support.
n Average or above average intelligence.
n No ontological, neurological or psychiatric disorders.
n Unsatisfactory aided response or inability to correct articu-
lation defects in spite of regular speech therapy.
Figure 1 Mean of aided and unaided sound ﬁeld thresholds.
Efﬁcacy of frequency transposition on speech perception and prodA detailed history was taken including the cause, onset,
duration of hearing loss, history of HA use and rehabilitation.
Hearing threshold levels were assessed separately in each ear at
octave frequencies from 0.25 to 8 kHz. Children were tested by
conventional audiometry or play audiometry depending on
their age. Measurements were made using Madsen audiometer,
model Orbiter 922. Tympanometry was done using Grasson
Staddler immittancemeter, model GSI33.
Audiological evaluation included the following:
(a) Aided sound ﬁeld hearing thresholds in dBHL using war-
ble tones at zero degree azimuth at a distance of one
meter from the loudspeaker at the frequencies (0.25
through 4 kHz).
(b) Arabic speech perception tests according to the age of the
child and his linguistic abilities. It included:
n Early Speech Perception test (ESP), monosyllabic subtest11
n Minimal Pair test (MP)11
n Word Intelligibility by Picture Identiﬁcation (WIPI) test12
(c) Consonant Recognition test (CR)13
(d) Widex Infant Listening Skill Inventory (WILSI)14ﬁlled
by the parents in each visit to assess the perception of
environmental sounds, speech sounds and speech pro-
duction. (Appendix)
Each child was ﬁrst evaluated with his own HA, then ﬁtted
with two integrated HAsWidex (Inteo-19) adjusted for themas-
ter program without frequency transposition (FT)mode (1st vis-
it). The child came for the second evaluation to assess the
beneﬁts of the master program without frequency transposition
mode of the Inteo-19 after 2 months of regular use and regular
auditory training (2nd visit). This was an important step so that
any improvement in the 3rd visit (if present) will be attributed to
the frequency transposition technique rather than the change of
the children’s own hearing aids. The HA were reprogrammed
for FT mode as a stand alone program. The start frequency was
kept at the default settings while the FT gain was increased to
reach the best aided thresholds at 2 and 4 kHzThe children came
for the 3rd evaluation to assess the beneﬁts of the frequency
transposition mode after 3 months of acclimatization, regular
use and regular auditory training (3rd visit).
Spectrographic analysis of speech was done using Kay Ele-
metrics multi-speech, model3700 and CSL model M4150.CSL
is a hardware and software system for the acquisition, acoustic
analysis display and playback of speech signals. The child sat
in front of the microphone at a 10 cm distance and repeated
3 sentences (two-word sentences) and 12 monosyllabic words
with initial plosives. Then, after its visual display on monitor,
the following data were obtained by visual calculation using
the vertical cursors on the screen.
(a) Vowel duration in ms for the following vowels:
/ae/ and /o/ in the sentence in /gae:b-go:n/
/a/ and /e/ in the sentence in /ra:h-fe:n/
/i/ and /u/ in the sentence in /gi:b fu:ta/
(b) Voice Onset Time (VOT) in msec which is the interval
between the release of a stop and the onset of voicing
and it was obtained for the following stops:
/t/ in the word / ti:n/; /d/ in the word /di:n/; /t/ in the
word /to:m/; /k/ in the word /kae:b/;
/g/ in the word /gae:b/; /k/ in the word /ko:n/; /g/ in the
word /go:n/; /f/ in the word /ﬁ:l/;
/s/ in the word /su:r/ and /z/ in the word/zi:r/The previous speech parameters were compared in the three
evaluations done for each subject in the study group.3. Statistical analysis
IBM SPSS statistics (V. 20.0, IBM Corp., USA, 2010) was
used for data analysis. Data were expressed as mean ± SD
for quantitative parametric measures and as both number
and percentage for categorized data. Paired t test was used
for comparison between two dependent groups for parametric
data while full cross-tabulation with the Chi-square test was
used to study the association between each two variables as re-
gards the categorized data. The multiple comparisons between
each two categories were then checked using the same test. The
probability of error at 0.05 was considered signiﬁcant and at
0.01 and 0.001 was considered highly signiﬁcant.
4. Results
The study was conducted on ten children (four males and six
females) with severe to profound sensorineural hearing loss
(Fig. 1). Their age ranged from 4 to 17 years (mean 8.5 years).
This wide age range did not affect the results as the child
served as his own control. Table 1 demonstrates the demo-
graphic data of the study group. The unaided and aided sound
ﬁeld thresholds in the three evaluations are displayed in Fig. 1.
Statistical analysis conducted between the 2nd and 3rd evalu-
ations revealed a highly statistically signiﬁcant difference
(p< 0.001) in aided responses at 2 and 4 kHz (Table 2). Scores
of Arabic speech perception tests are demonstrated in Table 3.
As most of the children could not perform the WIPI and CR
tests, statistical analysis was conducted only on ESP and
MP. Tables 5 and 6 demonstrate the results of spectrographic
analysis of speech. The subjective impression of parents
regarding the value of FT technology on children’s ability to
perceive sounds and produce speech is shown in Table 7.
5. Discussion
The major goal of our study was to investigate the efﬁcacy of
FT on speech perception and production in Arabic speaking
hearing impaired children.
In the current study, the aided sound ﬁeld thresholds were
comparable using the children’s own HAs and the study HA
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Table 1 Demographic data of the study group.
Gender Age (years) Etiology HL duration (years) Duration of HA use (in years)
Case1 F 14 Heredofamilial 11 10
Case2 M 13.5 Heredofamilial 11 9
Case3 F 11 Heredofamilial 7.5 7
Case4 M 4 Unknown 2 2
Case5 M 4 Unknown 2 2
Case6 M 5 Heredofamilial 5 3.5
Case7 F 17 Post-mumps 15.5 15
Case8 M 6 Unknown 5.5 5
Case9 M 6 Hyperbilirubinemia 3 5
Case10 F 4 Unknown 3 2
Table 2 Mean (X) and standard deviation (SD) in dBHL of the aided thresholds of the ﬁrst, second and third evaluations.
Aided thresholds 0.25 KHz 0.5 KHz 1 KHz 2 KHz 4 KHz
X+ SD X+ SD X+ SD X+ SD X+ SD
1st Evaluation 27.1 ± 11.6 28.0 ± 7.4 30.5 ± 8.3 58 ± 10.5 57.5 ± 11.2
2nd Evaluation 23.4 ± 6.1 22.9 ± 5.7 24.7 ± 4.8 52.7 ± 9.0 60 ± 13.5
3rd Evaluation 22.5 ± 5.4 22.5 ± 4.2 22 ± 3.4 23 ± 4.2 23.5 ± 4.7
p-Value >0.05 >0.05 >0.05 <0.001 <0.001
Table 3 Mean (X), standard deviation (SD) in dBHL and individual test scores of speech perception tests in the three evaluations.
ESP MP WIPI CR
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd
Case1 50 58.3 70 50 55 60 52 48 48 71.4 61.4 79.7
Case2 50 75 75 50 55 60 – – – – – –
Case3 70 63.3 75 45 40 80 – – – – – –
Case4 66 58.3 91.6 50 55 60 – – – – – –
Case5 60 50 70 55 50 60 – – – – – –
Case6 16.6 16.6 70 45 55 80 – – – – – –
Case7 33.3 25 41.6 70 65 85 80 80 84 – – –
Case8 – – 60 65 75 75 – – – – – –
Case9 50 55 75 45 40 70 28 36 60 – – –
Case10 83.3 75 75 65 75 75 – – – – – –
X 53.2 52.9 70.8 54.0 56.5 70.5 – – – – – –
SD 19.9 20.2 12.8 10.3 12.3 9.8 – – –
ESP: early speech perception; MP: minimal pairs; WIPI: word intelligibility by picture identiﬁcation; CR: consonant recognition.
Table 4 Paired t test comparing the results of speech
perception scores in the second and third evaluations.
ESP MP
2nd Evaluation 52.9 ± 20.1 56.5 ± 12.2
3rd Evaluation 70.8 ± 12.8 70.5 ± 9.8
p-Value <0.001 <0.001
ESP: early speech perception; MP: minimal pairs.
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lower frequencies in both conditions were satisfactory, lying
within the long term average speech spectrum (LASS) while
the higher frequencies were outside LTASS (Fig. 1). This en-
sures that the children included in the study were previously
ﬁtted with suitable hearing aids and any improvement will be
attributed to the new technology rather than proper ampliﬁca-tion. With the application of the FT technique, a much better
response to warble tones could be achieved in the high fre-
quencies and this improvement was highly statistically signiﬁ-
cant (Table 2).
Better aided response in the high frequency range does not
necessarily imply better speech discrimination. Testing must
progress beyond the audiogram to reveal how ampliﬁcation
could improve the complex processes underlying spoken word
recognition. Accordingly, a battery of speech perception tests
was conducted with variable degrees of difﬁculty regarding
the vocabulary size, the linguistic cues and reading abilities
of the children.
Monosyllabic words included in ESP lie within the vocabu-
lary of a 2.5 year-old Arabic speaking normal-hearing child.
This rendered the test applicable for all children included in
the study. The introduction of the FT technique made the high
frequency consonants heard by the children and improved sig-
Table 5 Mean (X), standard deviation (SD) of voice onset time (VOT) and paired t test between the second and third evaluations.
Ti:n Di:n To:m Do:m Kae:b Gae:b
X SD X SD X SD X SD X SD X SD
1st Evaluation 72.3 12.6 73.7 14.8 77.5 10.4 75.6 9.7 73.7 11.8 63.8 11.8
2nd Evaluation 72.5 12.5 69.3 14.2 71.2 9.9 68.2 7.5 71.8 11.9 65.6 11.8
3rd Evaluation 36.2 10.6 35 17.7 42.5 11.6 36.2 10.6 46.2 11.8 37.5 14.8
p <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ko:n Go:n Fi:l Su:r Su:f Zi:r
X SD X SD X SD X SD X SD X SD
1st Evaluation 74.3 11.2 70 11.9 62.5 10.4 65.6 4.9 70 15.1 77.5 8.9
2nd Evaluation 66.8 10.9 67.5 4.7 62.5 8.9 61.9 7.5 63.7 14 71.2 8.4
3rd Evaluation 38.2 9.9 42.5 10.4 40 9.3 40 11.9 31.2 11.3 41.3 8.4
p <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Table 7 Distribution of the study group in the three sections of WILSI questionnaire and X2 analysis.
WILSI questionnaire Very good Good Fair Poor Don’t know X2 p
Section 1
1st Evaluation 14.0% 24.0% 28.0% 32.0% 2.0% 31.6 <0.001
2nd Evaluation 28.0% 34.0% 26.0% 12.0% 0.0%
3rd Evaluation 50.0% 36.0% 10.0% 4.0% 0.0%
Section 2
1st Evaluation 26.6% 28.3% 23.3% 20.0% 1.6% 16.6 <0.05
2nd Evaluation 38.3% 33.3% 18.3% 11.6% 0.0%
3rd Evaluation 50.0% 35.0% 11.6% 4.0% 0.0%
Section 3
1st Evaluation 12.0% 34.0% 40.0% 10.0% 4.0% 34.0 <0.001
2nd Evaluation 34.0% 36.0% 26.0% 0.0% 0.0%
3rd Evaluation 48.0% 44.0% 6.0% 2.0% 0.0%
Table 6 Mean (X), standard deviation (SD) of vowel duration and paired t test between the second and third evaluations.
/ae/in gaeib /o/in goin /a/in reih /e/in fein /i/in giib /u/in fuita
X SD X SD X SD X SD X SD X SD
1st Evaluation 228.2 29.8 261.2 23.5 222.5 28.1 257 22.5 227.5 27.5 245 17.7
2nd Evaluation 221.2 29 248.7 19.5 213.7 22.6 249 22.3 220 24.4 230 13.1
3rd Evaluation 156.2b 21.9 157.5b 25.7 145b 17.7 160b 27.2 156.2b 24.4 148.7b 22.9
p <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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important issue in evaluating the effectiveness of a hearing de-
vice is to assess feature perception by the listeners. The MP test
is based on vowel and consonant feature recognition in a
closed-set format. It addresses children with slightly higher lin-
guistic abilities if compared with the ESP test. The FT tech-
nique proved to signiﬁcantly improve feature recognition in
children using such technology (Tables 3 and 4).
Given the variation of age among the study group, the gra-
dation in difﬁculty was essential to judge the value of FT in
children with higher linguistic abilities. WIPI test could be con-
ducted only on three children as it requires a higher language
age. Two of three children showed improvement. The third
child had essentially high score in this test and did not show
improvement. She was the only one who could perform theCR test as it requires good reading abilities and there was
marked improvement in her scores (Table 3).
Regarding speech production, spectrographic analysis
showed prolongation in VOT of voiced and voiceless stops
as well as vowel duration in the three evaluations. Metz
et al. and Hixon et al. explained the prolongation of VOT in
hearing impaired subject by an impaired coordination between
the laryngeal and upper airway articulation.15,16 Elaine et al.
reported that the hearing impaired subject tend to talk more
slowly than normal hearing and the lengthening involves both
inappropriate pausing and increasing duration of vowel seg-
ments.17 It may be also due to excessive air expenditure during
production of plosive consonants. Both parameters were sig-
niﬁcantly reduced in the third evaluation which reﬂects better
ability of the children to monitor the cues of initial consonant
134 I.M.S. El Danasoury et al.voicing devoicing characteristics with better coordination be-
tween the respiration, phonation and articulation with the
FT technique.
In our study, the efﬁcacy of FT was studied not only objec-
tively with speech perception and production but also subjec-
tively with WILSI questionnaire, testing different listening
situations.
WILSI Questionnaire showed a statistically signiﬁcant
improvement in the child’s listening and production skills as
reﬂected by its three sub-divisions (Table 7). Children experi-
enced greater awareness of environmental sounds when ﬁtted
with the study HA with FT. The merits of such questionnaireare in providing another dimension in evaluating the new tech-
nology in real life situations which is hard to mimic in
laboratories.
The results of the present study are in agreement with
Faraga and Marotta and Kuk et al. who reached similar con-
clusions in adults.18,19,6 They also agree with Auriemno et al.
who showed a signiﬁcant improvement in vowels and conso-
nant recognition and accuracy of fricative production after
6 weeks of use of the FT technique in school-age children.4
The current study also supports the speculation that early
ﬁtting for hearing impaired infants and young children with
such technique would be expected to improve their speech
Efﬁcacy of frequency transposition on speech perception and production in hearing impaired Arabic-speaking children 135and language acquisition. The argument is that initial pho-
neme confusion and unnaturalness of sound quality would
be minimal in this population compared to adults who have
strong auditory memory; consequently a period of acclimatiza-
tion would not be needed.
6. Conclusion
The results of this study prove that the use of the frequency
transposition technique which improves the audibility of
high-frequency consonant sounds, hand in hand with proper
speech therapy and sufﬁcient duration of acclimatization,
yielded promising results for children with severe to profound
hearing loss. Longer period and larger sample size are still
needed to show the best results. Whenever the high frequency
acoustic information is difﬁcult to be detected through conven-
tional processing, frequency transposition should be considered
before a ﬁnal decision is made for cochlear implantation. A trial
period for three to six months and a larger number of children
would be enough to reach appropriate conclusions. Well-con-
trolled studies are still needed to compare the merits of fre-
quency transposition with other frequency lowering
techniques in children with severe high frequency SNHL.Acknowledgements
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